The goal of this project is to investigate quantitatively the performance of different deformable image registration algorithms (DIR) with helical (HCT), axial (ACT), 
| INTRODUCTION
Deformable image registration (DIR) provides useful tools in radiation therapy where images from different modalities can be deformed and registered to account for anatomical variations because of patient motion, organ filling, tumor growth with time or shrinkage because of response to treatment with radiation therapy. 1 DIR has potential applications in image registration, segmentation and dose mapping that can enable the performance of adaptive radiation therapy (ART) by considering anatomical variations in order to obtain conformal dose coverage of tumors and sparing of organs-at-risk. [2] [3] [4] [5] [6] ART provides the tools to use updated computed tomographic (CT) images such as kV-cone-beam CT (CBCT) obtained from daily patient setup and tumor localization with image-guided radiation therapy (IGRT) to perform more frequent updates on the planning-target-volume (PTV) and other critical structures considering anatomical variations due to tumor response to treatment. 7 These variations in patient anatomy can be accounted for in reasonable time by considering auto-segmentation techniques that can use voxel-by-voxel deformation of the patient CT images used in treatment planning to current CBCT images obtained from daily patient setup. 8 Patient motion leads to variations in patient anatomy inter-and intrafractions where ART will provide tools to manage the geometric and dosimetric discrepancies between patient CT simulation and treatment planning and dose delivery. 2 The dose variations due to changes in patient anatomy can be evaluated from the deformed initial dose maps on a voxel-by-voxel basis using DIR algorithms. Furthermore, new treatment plans using current CT images acquired daily can be generated and delivered as the treatment course progresses considering variations in patient anatomy to achieve ART.
Patient motion may induce significant artifacts in CT images
obtained from the simulation CT, which can affect accuracy of the shape and volume of tumor targets outlined for treatment planning. 9, 10 For example, motion causes the blurring of the edges of mobile targets affecting the accuracy for determination of the boundary of the targets in the CT images with strong motion artifacts. [11] [12] [13] In addition, motion artifacts cause variations in CT-number values invalidating the accuracy of the values of electron density of the mobile target and thus the accuracy of dose calculation. 14 Different techniques are used to manage patient motion both during simulation CT imaging and dose delivery. 15 In simulation CT imaging, patient motion is managed by breath holding technique during scanning or by acquiring projection images at different motion phases when the patient is scanned in synchrony with a breathing signal and the projections are sorted in different motion phases to obtain 4D-CT images. 16 
| MATERIALS AND METHODS

2.A | Phantom setup and imaging
Three tissue-equivalent targets were inserted in a thorax phantom that was mounted on a mobile platform (Standard Imaging, Inc., Middleton, WI, USA). The three targets small, medium, and large had well-known shapes and volumes with lengths of 10, 20, and 40 mm in the direction of motion were embedded in low-density foam simulating lung-tissue as shown in Fig. 1 The Demons algorithm follows similar theoretical physics principles as the Maxwell's demons in fluids. The diffusion model in image registration is based on the physics of thermodynamics of gases or flu-
ids that is applied in the information theory for mutual entropy minimization techniques. The Demons algorithm uses two images that are considered to be bounded by semipermeable membranes.
Then, one image diffuses through the other as a deformable grid that is driven by 'demons' forces on the perimeter of the image. In a diffusing model, the demons force at each point is sampled at the image boundary. The forces collectively diffuse the moving image through the boundary of the static image and remain constantly decreasing in magnitude until the images are aligned in the same coordinate space. The Demons algorithm needs an additional constraint to solve the aperture problem. 22 The optical flow is calculated in two steps: (a) the instantaneous optical flow is computed for every point within the static image, and (b) the deformation field is regularized by smoothing with a Gaussian filter. 18 The Fast-Demons algorithm explicitly takes into account Newton's third law of motion in combination with the diffusing model used by the Demons algorithm. 20, 21 In Fast-Demons, the demons forces allow additionally the moving object to diffuse through the static or reference image. 21 This active force in the Fast-Demons algorithm serves as an amplifying factor in the overall force applied in the Demons algorithm.
20,21
The Horn-Schunck algorithm represents optical flow as variations in the image intensity by an apparent distribution of velocities from the movement of different image voxels. 22 A global smoothness constraint is imposed to satisfy the aperture problem where the number of independent variables is larger than the number of independent linear equations. 22 The aperture problem is solved by considering an and Jacobian analysis which were within acceptable limits in this study. before use in treatment planning and dose calculation to correct heterogeneity in radiation therapy.
| RESULTS
3.A | CBCT images
3.B | HCT images
3.C | ACT images
| CONCLUSIONS
This study used a mobile thorax phantom that has three waterequivalent targets with well-known shapes and sizes that are 
CONF LICT OF I NTEREST
There is no conflict of interest.
R E F E R E N C E S
